Introduction
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The cholinergic motoneurons of the dorsal motor nucleus of the vagus 71 (DMV) are reported to be among the first neurons to exhibit Lewy body and Lewy 72 neurite pathology in Parkinson's disease (PD) (Lewy 1912) , before its appearance 73 in dopamine (DA) neurons of the substantia nigra pars compacta (SNc) (Braak et 74 al. 2004 ). The functional decline of DMV neurons may underlie PD dysautonomia 75 (Miller et al. 2009 ), and the loss of DMV neurons correlates with the severity of PD 76 (Gai et al. 1992 ). We have shown that DMV neurons in brain slices taken from the 77 DJ-1 mouse model of PD exhibit higher basal mitochondrial oxidant stress (mOS) 78 than DMV neurons from littermate wild-type mice. Pre-incubation of these brain 79 slices in isradipine, an antagonist of plasma membrane Cav1 (L-type) calcium (Ca 
2012). The drop in cytosolic Ca
2+ levels, which presumably leads to a drop in 83 mitochondrial Ca 2+ levels and a slowing of respiration, reduces basal mOS 84 (Goldberg et al. 2012) . 85
Isradipine was chosen for that study because of its high affinity to Cav1.3 86
Ca
2+ channels (Sinnegger-Brauns et al. 2009 ) that are activated in the 87 subthreshold range (Lipscombe et al. 2004 ). This choice was motivated by 88 previous studies in SNc DA neurons that showed that Ca 2+ flux through Cav1. 
Slice Preparation: Experimental procedures adhered to the Northwestern 134
University and the Hebrew University Animal Care and Use Committees. Three to 135 8 week old C57BL/6 mice of both sexes were deeply anesthetized with ketamine-136 xylazine and perfused transcardially with ice-cold modified artificial cerebrospinal 137 fluid (ACSF), bubbled with 95% O 2 -5% CO 2 , and containing (in mM): 2.5 KCl, 26 138 NaHCO 3 , 1.25 Na 2 HPO 4 , 0.5 CaCl 2 , 10 MgSO 4 , 0.4 ascorbic acid, 10 glucose, and 210 139 sucrose. The cerebellum, pons and medulla were rapidly removed, blocked in the 140 coronal plane, and sectioned at a thickness of 240 µm in ice-cold modified ACSF. 141
Slices were then submerged in ACSF, bubbled with 95% O 2 -5% CO 2 , and containing 142 (in mM): 2.5 KCl, 126 NaCl, 26 NaHCO 3 , 1.25 Na 2 HPO 4 , 2 CaCl 2 , 2 MgSO 4 , and 10 143 glucose, and stored at room temperature for at least one hour prior to recording 144 and/or imaging. 145
Slice visualization and electrophysiology:
The slices were transferred to the 146 recording chamber mounted on an Olympus BX51 upright, fixed-stage microscope 147 and perfused with oxygenated ACSF at 32°C. The only exception was that voltage 148 sensitive Na + currents were recorded in a HEPES-based solution that contained (in 149 mM): 2.5 KCl, 137 NaCl, 1.8 CoCl 2 , 1 MgCl 2 , 5.4 tetraethylammonium (TEA)-Cl, 10 4-150 aminopyridine, 10 glucose, 10 HEPES (pH=7.4 with HCl). A 60X, 0.9 NA water-151 immersion objective was used to examine the slice using standard infrared 152 differential interference contrast video microscopy. Patch pipette resistance was 153 typically 3-4.5 MΩ. For whole-cell current clamp recordings and for voltage-clamp 154 measurements of K + conductances the pipette contained (in mM): 135.5 K-Me-155 SO4, 5 KCl, 2.5 NaCl, 5 Na-phosphocreatine, 10 HEPES, 0.2 EGTA, 0.21 Na 2 GTP, and 156 receptors. Voltage sensitive Na + channels were blocked with 1 µM tetrodotoxin 178 (TTX). Cav1 channels were antagonized with 5 µM of either nifedipine or 179 isradipine, or 200 nM calciseptine. The acute effects of solution exchanges or 180 drug applications were measured at least 5 minutes after wash on, except for 181 dihydropyridine where 10 minutes were given. The only exception was the 182 application of phrixotoxin-2, a selective Kv4 (A-type) channel blocker. In these 183 experiments we pipetted 20 µl of a 100 µM stock solution into the recording 184 chamber whose volume was approximately 1-2 ml, thereby reaching a nominal 185 concentration of 1-2 µM phrixotoxin-2 in the bath until the solution was replaced 186 Universal SYBR green Supermix 2x (7.5 uL, Biorad Inc., Hercules, CA) was used for 219 both the target and reference genes employed for normalization together with 220 0.75 µl of left and right primers (10 mM of each), and 6 µl of cDNA on a Biorad 221 
CFX96
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The Ca 2+ currents were given by 255
where E Ca = 120 mV and V S X = 8 mV for both X = L,N (Goldberg et al. tested the effect of isradipine, which is the dihydropyridine with the highest 298 affinity to Cav1.3 channels, on autonomous firing in DMV neurons recorded in the 299 loose patch configuration. We have previously shown that preincubation of DMVslices with 200 nM isradipine does no affect basal firing rates (Goldberg et al. 301 2012). However, it is possible that application of a higher concentration would 302 lead to a different effect by antagonizing Cav1.3 channels acutely. Indeed, acute 303 application of 5 µM isradipine reduced the median firing rate from 0.99 spikes/s to 304 0.23 spikes/s (P < 0.01, SRT, n=9). Furthermore, in all 6 cells in which we attempted 305 to wash off the effect of isradipine the firing rate recovered from a median of 0.22 306 spikes/s to 1.08 spikes/s (P < 0.05, SRT) (Fig. 2B) . The caveat in these experiments 307 is that voltage dependent persistent sodium currents are necessary and sufficient 308 The fact that 5 µM isradipine slows pacemaking while 5 µM nifedpine 319 speeds it up, is probably due to the facts that i) the isradipine is the 320 dihydropyridine with the highest affinity to Cav1.3 channels; and that conversely 321 ii) nifedipine more-or-less completely blocks Cav1.2 channels whereas isradipine 322 does so only partially. Thus, Cav1.3 channels that contribute only a small inward 323 concentration to less than 1 nM (Fig. 3A) . I N prevents it from making a significant contribution in this subthreshold range.Therefore, abolishing I N hardly moves the I-V curve any closer to the zero current 365 line (Fig. 3B) . In contrast, I L is strongly activated at this region, and therefore 366 despite being 25 times smaller than I N , abolishing I L raises the I-V such that it 367 crosses the zero current line. The zero crossing establishes a steady-state voltage, 368 which arrests pacemaking. I L also controls the degree of lingering in the model. 369
For example, doubling the amplitude of its conductance, pushes the I-V curve 370
further from the zero current line, thereby increasing the inward current near 371 threshold that speeds up the trajectory of the membrane voltage in that region 372 (Fig. 3C) . 373
374
Voltage dependency of somatic Ca 2+ currents and dendritic Ca 2+ concentrations 375
in DMV neurons fit the functional segregation model 376
In the model, in order for the bulk of Ca 2+ influx to result from I N the 377 maximal conductance of I N needed to be more than an order of magnitude larger 378 than the maximal conductance of I L (as mentioned above, we used a factor of 25). 379
To quantify Ca 2+ currents and the rises in Ca 2+ concentrations that they generated 380 in the model, we measured them in response to a simulated voltage ramp. These 381 simulations were conducted either for I L alone or for the total current (I L +I N ). 382 Indeed, the currents and associated concentrations were roughly 20 times larger 383 when both currents were activated compared to when only I L was activated. If 384 such a discrepancy in the sizes of the Cav1.3 and HVA currents was present in real 385 DMV neurons, it should be detectable by conducting the same voltage ramp 386 experiment on actual DMV neurons. We applied somatic voltage ramps to cesium 387 (Cs + )-loaded DMV neurons and measured the total current and the 5 µM 388
isradipine-sensitive subthreshold current as well as the dendritic Ca 2+ signals 389 associated with them. To accurately determine the isradipine-sensitive 390 subthreshold response required averaging measurements from several cells. 391
These measurements revealed that an isradipine-sensitive somatic Ca 2+ current is 392 indeed activated in the subthreshold range, which explains why applications of 5 393 µM isradipine slowed pacemaking (Fig. 2B ). Moreover this current and the 394 associated dendritic Ca 2+ signals were indeed approximately 20 times smaller then 395 the full-blown responses (Fig. 4A ), in agreement with the model prediction. 396
Because the isradipine-sensitive subthreshold current is generated by Cav1.3 397 channels, these results suggest that DMV neurons express much less Cav1.3 398 channels in comparison to other HVA Cav channels. We tested this with qRT-PCR 399 analysis that revealed a differential tissue-level expression in the DMV of the 400 various channels, when normalized either to housekeeping genes or to the 401 tubulin marker, TUBB3, that is specific to neurons (P < 0.001, Kruskal-Wallis one-402 way ANOVA). The transcript levels of Cav1.3 channel were approximately 20-fold 403 less than the sum of the transcript levels of all the other HVA channels (Fig. 4B) . 404
We have previously reported that the dendritic Ca (Fig. 4C) . 422
A window A-current slows pacemaking in DMV neurons 423
The voltage-clamp recordings, Ca 2+ imaging and mRNA profiling support 424 our conclusion that Cav1.3 is an order-of-magnitude less abundant than other HVA 425
Ca
2+ currents in DMV motoneurons. Using the model we explained how a small 426 voltage to oscillations (Ermentrout 1996) . We therefore need to identify the 431 biophysical mechanism that confers such behavior in DMV motoneurons. 432
Lingering behavior depends on two biophysical mechanisms. First, the cell must 433 have a steady-state negative conductance region. Our previous work has shown 434 that DMV cells exhibit a negative conductance region due to the action of the 435 persistent Na + current (Goldberg et al. 2012 ). However, while the negative 436 conductance region is necessary, it may not be sufficient, because the oscillations 437 might become very fast even with a small deviation from the bifurcation point. 438
Thus, the second mechanism that serves to slow pacemaking is the outward fast 439 inactivating (A-type) K + current. This current is activated when the cell depolarizes 440 towards spike threshold and resists the depolarization, thereby causing the cell to 441 slow its ramp up to spike threshold (Connor and Stevens 1971; Ermentrout and 442
Terman 2010). 443
The influence of the A-type current on the autonomous spike rate and 444 membrane voltage trajectory near spike threshold is evident from biophysical 445 measurements of its voltage activation and inactivation curves. These curves 446 reveal a 'window current' in the subthreshold region (centered around -50 mV) 447 just below spike threshold (Fig. 5A) -at a much more depolarized voltage range 448 than was previously reported in the rat (Sah and McLachlan 1992) . Whole cell 449 current clamp measurements in DMV neurons strongly suggest that A-type 450 currents indeed temper the autonomous firing rate of DMV motoneurons, 451 because dialysis of the intracellular milieu after rupturing of the membrane always 452 significantly reduces the A-current (P < 0.01, SRT) (Fig. 5B) , which is accompanied 453 by a speed-up of autonomous pacemaking (P < 0.01, SRT) (Fig. 5C ). To verify that 454 antagonizing A-currents affects the firing rate in an intact cell, we tested the 455 effect of phrixotoxin-2 -a selective antagonist of Kv4 channels that give rise to A-456 currents -on the discharge rate of DMV neurons recorded in the loose patch 457 mode. Application of nominally 1-2 µM phrixotoxin-2 to the bath (see 458 Methods) (Subramaniam et al. 2014 ) transiently increased the firing rate of these 459 neuron by 21% (P < 0.05, SRT) (Fig. 5D) . regulation in these cells. However, the 3 biophysical properties that are essential 486 for our argument, namely: i) an N-shaped steady state IV curve; ii) a depolarized 487 subthreshold region due to NALCN channels; and iii) having the majority of Ca 2+ 488 ions entering during spiking -were similar across all these ages. Hence, although 489 this is a legitimate concern, we do not see any evidence of age-dependent Ca pacemaking. Persistent Na + and HCN currents are other depolarizing currents that 504 drive pacemaking in these neurons (Goldberg et al. 2012) . Despite the driving to 505 spike threshold by at least three pacemaking currents, DMV neurons fire at a 506 relatively slow rate of approximately 1 spike/s. We have shown that this slowing of 507 the discharge rate is attributable at least in part to the constitutive activity of a 508
Kv4 channels (although we cannot rule out a contribution from Kv1 channels) that 509
give rise to an A-type window current that is conveniently targeted precisely to 510 the subthreshold voltage range. Previous measurements using sharp electrodes in 511 the rat found the A-type window current to reside at a much more hyperpolarized 512 voltage range: even after correcting for junction potential the difference is at 513 least 20 mV (Sah and McLachlan 1992 
